Introduction
It is an incredible feat that the billions of distinct cells in our bodies, each with unique gene expression programs, are all derived from the same genome. Outstretched, the human DNA is two meters long and is packed into a nucleus only five microns in diameter. In each cell type, a discrete cohort of genes must be activated while suppressing all others; simultaneously, a subset of genes that are not actively transcribed can also be poised for future activity. How can this be accomplished in the development of the brain, which contains a vastly diverse population of neural cells born from a relatively small population of progenitors? In both insects and mammals, each of the distinct types of neural cells must be made at the right time and place and in the correct relative abundance to generate a highly organized and functional brain. To accomplish this, neural progenitors respond to spatiotemporal cues to produce distinct cell types in a stereotyped order, and postmitotic neurons maintain their cell fate identities for a long period of time, which could be decades in humans. Here, we review emerging studies on neural development from the perspective of genome architecture and gene regulation.
Multiscale genome organization and regulation of gene expression
The metazoan genome adopts a multiscale, non-random organization crucial for regulated gene expression [1, 2] . At the largest scale, chromosomes occupy stereotyped space, called chromosome territories, influencing interchromosome interactions [3] . Chromosomes are further segregated into large, megabase compartments consisting of either active 'A' chromatin (enriched in euchromatic histone marks) or inactive 'B' chromatin (enriched in heterochromatic histone marks) [4] . The A compartment tends to be gene rich, transcriptionally active and undergoes early replication. In contrast, the B compartment tends to be gene poor, transcriptionally inactive and is typically associated with the nuclear lamina [5] .
Within these larger domains exist modular units of chromatin tens to hundreds of kilobases in size, called Topologically Associating Domains (TADs). TADs are defined as linear genomic regions that preferentially make contacts within the domain than outside the domain [6, 7] . They are demarcated by sharp boundaries and are largely invariant between different cell types. Chromatin within each TAD tends to be characterized by similar epigenetic modifications. Pioneering work by Filion et al. [8] partitioned the fly genome into 'fivecolor' chromatin types, defined by a unique set of epigenetic marks: two active chromatin states, red (Trithorax Group, TrxG) and yellow (non-TrxG), and three repressive chromatin states, blue (Polycomb group, PcG), green (HP1a) and black (silent, no PcG or HP1). Superresolution microscopy reveals that different chromatin types display distinct three dimensional (3D) organization [9] . Though some variations exist between studies, such basic chromatin types have been identified across many different species, including humans [10] . Each TAD is generally characterized by one of these chromatin types, having similar transcriptional states, gene density, replication timing, and subnuclear distribution [11] . TADs can switch from one type to another as global gene expression programs change during development [12, 13] , and TADs of similar chromatin types can associate in higher order structures that regulate gene expression [14, 15] .
While TAD structures are highly evolutionarily conserved, their border elements do not appear to be [16 ] , and loss of TADs do not result in global transcriptional dysregulation [17, 18] . In mammals TAD boundaries are enriched for the architectural factor CTCF and cohesin. Interestingly, loss of CTCF or cohesin can abolish TADs, yet A/B compartments are largely unaffected, and the regulation of gene expression remains mostly intact [17, 19] . Though highly similar to its mammalian counterpart, in Drosophila CTCF is not enriched at TAD boundaries and does not play a role in TAD formation. Rather, high-resolution interactomes find that specific DNA motifs [20] and non-CTCF insulator proteins [16 ] predict TAD borders, and TAD patterns mirror transcriptional activity [21, 22] . Thus, while TADs appear to be general features of metazoans, to what degree they function in gene regulation and what other mechanisms are employed to functionally organize the genome are still fascinating open questions [7] .
Within the nucleus, genomic regions can cluster together in various hubs. A newly developed method called splitpool recognition of interactions by tag extension (SPRITE) has revealed higher-order interactions across large distances, including inter-chromosomal interactions centered on nucleoli and nuclear speckles [23] . Further, genomic regions characterized by similar chromatin states can assemble together. For example, PcG-bound regions are enriched for the H3K27me3 mark and tend to cluster into concentrated PcG protein foci called PcG bodies, which can facilitate gene silencing [14, 24] . PcG complexes, are well known for their developmental roles in epigenetic gene silencing over multiple cell divisions [25] . In recent years the role of PcG proteins in gene regulation has greatly expanded, and there is increasing evidence suggesting that they mediate long-range gene interactions and genome organization [14, 26] . Importantly, emerging evidence suggest that PcG proteins can affect genome architecture independently of transcriptional repression, as loss of PRC1 (Polycomb repressive complex I) components alter higher-order chromatin folding before transcriptional de-repression [27] . Additionally, polycomb response elements (PREs) in Drosophila, which are DNA elements that recruit PcG proteins, have been recently shown to establish chromatin loops that stabilize gene silencing [28] , and some PREs have been shown to function as enhancers that recruit transcription factors [29] , broadening their roles in developmental gene regulation. The nuclear envelope plays a crucial role in genome architecture and transcriptional regulation through structural proteins like lamins, intermediate filaments of the inner nuclear membrane, and the nuclear pores, large multiprotein complexes that form channels for nucleocytoplasmic trafficking. At the nuclear lamina, large regions of chromatin, called LaminaAssociated Domains (LADs), are typically associated with repressed or silent chromatin [5] . LADs are enriched in heterochromatin and composed of HP1a-associated H3K9me2/3 repressive histone mark [30, 31] , whereas LAD borders have been shown to be enriched in PcGassociated H3K27me3 marks [31, 32] . LADs themselves are heterogeneous, and facultative LADs have been proposed to regulate lineage-specific gene expression during differentiation [5] . Recent work in Drosophila suggests that the nuclear lamina also plays a role in chromatin density and distribution within nuclei. In this 'chromatin stretching' model, the authors observed that lamin knockdown results not only in decondensation of a subset of LADs but a concomitant compaction of active chromatin and mixing of A/B compartments [33] . This finding ascribes a new role for the nuclear lamina in facilitating chromatin mobility and compartmentalization. Although the nuclear lamina is important at many levels, from stabilizing chromosome territories [34] to regulating single genes during development and differentiation [35] , in some developmental contexts lamins are dispensable [36] , underscoring the complexity of multiple mechanisms that organize genome architecture.
In addition to the lamins, the nuclear pore proteins (Nups) are another type of nuclear structural protein emerging as a critical regulator of genome architecture. Accumulating evidence has shown that some Nups function beyond nucleocytoplasmic transport and can in fact bind chromatin, mediate genome organization, and impact gene expression. Recent work in Drosophila has shown that Nup98 is enriched at chromatin loop anchors [37] and can promote enhancer-promoter interactions [38 ] . Interestingly, both lamins and a subset of nuclear pore proteins can also diffuse from the nuclear periphery and regulate transcription within the nucleoplasm [39] .
Regulation of genome organization in neural development
A number of recent studies in both insects and mammals show that regulation of gene expression through changes in genome architecture underlie differentiation and development of neurons. We highlight and describe several recent examples below. silencing plays an integral role, in fly neurogenesis PcG proteins appear to regulate lineage-specific transcription factors. The data suggest a biological role for black chromatin, and show that distinct repressive mechanisms operate in a dynamic manner in neural differentiation. In mammals, Bonev et al. provide a comprehensive view of how the 3D chromatin organization changes during differentiation from stem cells to postmitotic cortical neurons. Their high-resolution, genome-wide DNA interactome (Hi-C) shows global reorganization of the genome at multiple scales during differentiation, including changes in interaction strengths between A/B compartments and changes in PcG-mediated long-range gene interactions [41 ] .
Within the nucleoplasm, long-range gene-gene contacts form critical 3D genome architecture that underlies neural development. Physical clustering of DNA sequences within subnuclear space can be mediated by specific transcription factors, as was recently described in mammalian olfactory receptor (OR) neurons, in which OR gene enhancers from distinct chromosomes cluster together to form an enhanceosome [42] . In a similar vein, PcG proteins can also regulate genome architecture by assembling PcG target loci into PcG bodies, and recent studies shed intriguing new light on the role of PcG and higher-order chromatin folding in neural development. In mouse ESCs, PRC2 mediates chromatin interactions between poised enhancers and their gene targets, which are largely anterior neural genes [43 ] . Surprisingly, loss of PRC2 does not result in derepression of these genes within ESCs, but rather compromises their induction upon neural differentiation (Figure 1a) . Thus, PRC2 is not required to maintain the poised-states of those enhancers in ESCs, but rather to establish a permissive regulatory topology that allows for future induction of the neural genes. Consistent with this finding, during midbrain development RING1B, the catalytic subunit of PRC1, was shown to be required for Meis2 gene activation through establishing a tripartite interaction between a RING1B binding site, a midbrain-specific enhancer, and the Meis2 promoter. In the early embryo, only the enhancer and the RING1B binding site interact, and Meis2 is inactive, but later in development, the RING1B-mediated enhancer-promoter interaction allows Meis2 activation [44] (Figure 1b) . Finally, in ESCs, PcG mediates strong long-range gene interactions, and reorganization of these contacts during neuronal differentiation correlate with the levels of PRC1 binding [41 ] . These observations are important not only in establishing PcG proteins in genome architecture, but provide evidence for their unexpected roles in gene activation.
At the nuclear periphery, interaction between chromatin and nuclear lamina has been implicated in various neural developmental processes, such as neural stem cell Casz1 regulates nuclear architecture in rod photoreceptors. Casz1 (green), a temporal identity factor that specifies late born neuron fate in both Drosophila and mouse, interacts with PRC1 components (Rnf2, brown) to block expression of LMNA in mouse rods. This results in the interior localization of heterochromatin (top) and the inverted chromatin structure. When Casz1 or Rnf2 is depleted, LMNA is expressed, leading to heterochromatin localization at the nuclear periphery [53 competence [35] and neural differentiation [45, 46] . More recently, studies in mouse showed that depletion of lamin B1 from adult olfactory neurons result in aberrant gene expression and reduced odor detection [47] . Further, during cortical development, Lamin B1 levels play a critical role in modulating the balance between neurogenesis and gliogenesis [48] . In Drosophila, Lamin Dm0, the lamin B homolog in flies, is essential for motor circuit integrity and regulation of life span [49] .
A unique case of genome organization can be observed in the retina of nocturnal mammals. Typically, heterochromatin is found at the nuclear periphery and euchromatin in the nuclear interior. However, rod photoreceptor genomes in nocturnal animals undergo 'chromatin inversion,' in which euchromatin is localized at the nuclear periphery and heterochromatin in the interior, a process thought to be an adaptive function in focusing light [50] . A particularly fascinating recent study by Mattar et al., showed that Casz1, a temporal transcription factor that has been shown in both Drosophila [51] and mammals [52] to specify lateborn neurons, is required to establish and maintain the proper chromatin organization in mouse postmitotic photoreceptors [53 ] . Casz1 interacts with PcG subunits to regulate Lamin A/C expression, which in turn determines the inverted genome organization in rod nuclei (Figure 2 ). Casz1 is essential to maintain proper gene expression in the neuron and for long-term survival. Similar to mammals, temporal identity factor expression is maintained in the postmitotic neurons in the fly as well 150 Neural epigenetics Emerging techniques to study genome architecture.
(a) ATAC-seq uses the Tn5 transposase to insert sequencing adaptors in chromatin accessible regions. Fragment size and distribution indicates genome-wide chromatin accessibility profiles, which can be used to determine A/B compartmentalization of the genome.
(b) DamID is a versatile tool which can be used to tag genomic regions proximal to specific nuclear substructures, such as the lamina (top), by
[35], although their roles here are less clear, as loss of the early born temporal identity factor, Hunchback, does not appear to affect gross neuronal morphology or function in larva [54] . Loss of Casz1 in mouse ultimately results in rod degeneration only a year later [53 ] ; perhaps temporal identity factor expression in postmitotic neurons plays less of a role in establishing fate and more in the epigenetic maintenance and/or genome stability. A recent study in Drosophila showed that distinct neuroblasts (fly neural progenitors), each of which produces unique neural lineages, differ in their chromatin accessibility, thus allowing the same temporal identity factor to bind and activate different downstream genes [55 ] . It would be interesting to see whether in mammalian retinal progenitor cells temporal identity factors like Casz1 act within the framework of the existing genome architecture within the progenitor, as observed in fly neuroblasts, or whether Casz1 itself can play an active role in organizing the genome architecture as it does in photoreceptors. Interestingly, increased compaction and relocalization of heterochromatin to the nuclear interior is not unique to nocturnal photoreceptors, as it has also been observed in differentiating mouse olfactory neurons using soft Xray tomography (STX) [56] . In fact, such a redistribution of heterochromatin to the nuclear core may be a more common feature of differentiated cells [57] and underscore the utility of high resolution imaging afforded by STX to study nuclear architecture.
Nuclear pore proteins have been previously shown to play important roles in the regulation of cell identity genes and neural differentiation [58] [59] [60] . More recently, Nups have been shown to function in the developing nervous system through their regulation of genome architecture. In Drosophila, Nup98 is recruited to enhancers in the brain, and it can stabilize enhancer-promoter looping that underlies transcriptional memory for hormone-mediated gene induction in vitro (Figure 3a) . Upon initial stimulation of embryonically derived S2 cells with the steroid hormone Ecdysone, Nup98 facilitates interaction between the enhancer and promoter of the Ecdysone target gene E74. Re-induction of Ecdysone results in an increased transcriptional boost, because the enhancer promoter interactions mediated by Nup98 are already established from the previous stimulation, thus creating a genome architecture-based 'transcriptional memory [38 ] .' In mammals, Nup153 recruits PcG proteins to a subset of target genes to maintain ESCs [61] , and it interacts with Sox2 at the nuclear pore to maintain neural progenitor cell fate [62 ] . Interestingly, Nup153 displays bimodal gene regulation, in which its binding to the transcription start site results in target gene activation, whereas its binding to the transcription end site inhibits gene expression [62 ] (Figure 3b ).
Advancements in experimental approaches to study genome architecture
In recent years important technical progress has been made to explore genome architecture complexity. We are now able to interrogate the genome at an unprecedented resolution and sensitivity. This is of particular interest in the nervous system comprised of an astronomical diversity in cell types. We highlight some of these technical advancements below.
Chromatin accessibility: Assay for Transposase Accessible Chromatin followed by deep sequencing (ATAC-seq) has emerged as a powerful technique to map genome-wide chromatin accessibility, a fundamental genome feature of nucleosome packing density that impacts DNA binding of transcriptional regulators. The Tn5 transposase cuts and inserts sequencing adaptors within nucleosome free regions [63] . ATAC-seq is fast and amenable even to single cell mapping [64] , and advanced statistical analyses allow one to infer A/B compartment distribution [65] (Figure 4a ). Modular function of DamID: DNA adenine methyltransferase identification (DamID) is proving to be one of the most versatile methods in genome profiling. Exploiting the prokaryote-specific methylation of adenine, DamID uses the fusion of Dam to any factor of interest, leading to methylation of proximal DNA sequences, which are subsequently sequenced after restriction digest and PCR amplification [66] (Figure 4b ). The sensitivity of DamID allows single cell profiling [67] , and combined with the UAS/Gal4/Gal80 thermosensitive system, Dam fusion proteins can be expressed with spatiotemporal specificity [68] . Variations of DamID are now used to map long non-coding RNA and transcription factor binding and to investigate chromatin states and genome architecture [40 , [67] [68] [69] [70] .
Genome contact map: Proximity ligation-based techniques (chromatin conformation capture and variants) have been extensively used in the past ten years to map chromatin loops, enhancer-promoter contacts, and other long-range genomic interactions [71] . Recent advancements have greatly improved resolution (kilobase) [72] and sensitivity, even at the single cell level [73, 74] . Further, computational deep learning analyses of Hi-C data (HiCPlus) can now efficiently infer high-resolution enhancer-promoter interactions [75] . Combined with chromatin immunoprecipitation (ChIP), one can obtain chromatin contacts mediated by specific factors of interest (Chromatin Interaction Analysis by Paired-End Tag Sequencing, ChIA-PET) [76] . A recent study has taken a completely unique approach to probe genome organization, called genome architecture mapping (GAM) [77] (Figure 4c ). This technique involves sequencing DNA obtained from cryosectioning followed by microdissection of small regions of individual nuclei. If two loci are in close proximity in nuclear space, they have increased likelihood of being detected from the same slice. In addition to detecting TADs, this method allows detection of multiple distal sequences in close spatial proximity, an advantage over classical proximity ligation methods.
Imaging and manipulating genome architecture: Complementary to genome-wide sequencing-based methods, advances in microscopy are also now being used to image, infer and manipulate genome architecture dynamics. By combining superresolution imaging and multiplex DNA in-situ, TAD-like structures can be detected in single cells [78] . Visualization of chromatin compaction and diffusion using high resolution imaging of live cells provide the foundation to generate new hypotheses of mechanisms underlying genome organization [79] . Multiplexed microscopy-based approaches have also recently been used to image TADs established in single cells in response to transcriptional activity [80] . CRISPR/Cas9 combined with the MS2/MCP system, a method to fluorescently tag RNA, now allows fluorescent tagging of guide RNA (sgRNA) to track individual loci without modifying the genome sequence [81] . A new and exciting variation of the use of CRISPR technology, called CRISPR-GO, tethers dimerization modules to dCas9 and a nuclear protein (like lamin) to modulate subnuclear positioning of specific gene loci [82, 83 ] (Figure 4d ).
Concluding remarks
It is clear from the accumulating evidence that genome organization is established, regulated, and maintained in order to execute cell type and developmental stagespecific transcription. This is true at every level of neural development, from the maintenance of neural progenitors to differentiation of diverse neural cell types, and ultimately in the maintenance of neural function and identity. New evidence suggests that disruptions in the nuclear envelope may contribute to neurodegenerative diseases like Alzheimer's through compromised function of Nups and Lamins [84, 85] , perhaps causing dysregulation of genome architecture. Thus, understanding how the genome is functionally organized may give us important insights into not only understanding neural development, but also opening avenues for potential therapeutic applications.
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